Abstract. Many applications require the ability to image a scene in several different narrow spectral bands simultaneously. Conventional multi-layer dielectric filters require control of film thickness to change the resonant wavelength. This makes it difficult to fabricate a mosaic of multiple narrow spectral band transmission filters monolithically. We adjusted the spectral transmission of a multi-layer dielectric filter by drilling a periodic array of subwavelength holes through the stack. Multi-band photonic crystal filters were modeled and optimized for a specific case of filtering six optical bands on a single substrate. Numerical simulations showed that there exists a particular air hole periodicity which maximizes the minimum hole diameter. Specifically for a stack of SiO 2 and Si 3 N 4 with the set of filtered wavelengths (nm): 560, 576, 600, 630, 650, and 660, the optimal hole periodicity was 282 nm. This resulted in a minimum hole diameter of 90 nm and a maximum diameter of 226 nm. Realistic fabrication tolerances were considered such as dielectric layer thickness and refractive index fluctuations, as well as vertical air hole taper. Our results provide a reproducible methodology for similar multi-band monolithic filters in either the optical or infrared regimes.
INTRODUCTION
Optical spectral filtering is a diverse technological field with numerous devices and designs specifically tailored to certain applications. Spectral filters can be broad-or narrow-band, have a wide or narrow field of view, electronically tunable, and can constitute a large variety of form factors. Narrow-band optical filtering for scientific research or precision uses has been championed by the modern dichroic filter-essentially a multilayer stack of alternating dielectric materials [1] . While this well-understood interference device works well for single band-pass applications, using ordinary dichroic filters in parallel is an ineffective way of filtering multiple bands of light on the same surface. This is because the transmitted wavelength is directly correlated to the dielectric thicknesses. For a multi-band device, one would need to modulate the thickness of each sub-filter in localized regions. Not only is this impractical from a design standpoint, but it is also nearly impossible for large areas with modern microelectronics fabrication equipment.
An alternative to modulating the dielectric thicknesses to change the transmission wavelength is to drill vertical air holes of various diameters through the entire filter stack. By keeping the layer thicknesses the same throughout the device and using a vertical tuning mechanism, the fabrication procedure conforms to modern instrument limitations. This filter has been described elsewhere [2] and is termed a photonic crystal filter. The nominal dichroic filter stack transmits at its designated wavelength, which is determined by the quarter-wave optical thickness dielectric materials. As the air holes increase in diameter, more dielectric is swept away and the effective optical thickness of the filter decreases, thus blue-shifting the transmission peak. Figure 1 shows a simple graphic of the design. For this paper, the photonic crystal filter was used to model a device that would be used to measure a human retina's oxygenation through its absorption spectrum. Eye oximetry is an important medical field that is used to diagnose diseases such as diabetic retinopathy, the nation's leading cause of blindness [3, 4, 5] . A multi-aperture imaging system has been reported for single-shot capture of retinal images in all spectral bands. This system used discrete spectral filters that were diced and assembled in front of individual imaging channels [6, 7] . The inability to monolithically filter these wavelengths introduces errors and inconsistencies. A photonic crystal filter that can correctly filter this range of wavelengths would be an ideal solution to the single-substrate challenge of the filtering task. Additionally, this example serves as a paradigm for the photonic crystal filter since the same methodology could be applied to a new case study with a new set of wavelengths. Hence the filter may be easily reconfigured by judicious choice of the filter physical parameters.
MODELING
Two approaches are generally reported in the literature for simulating the electromagnetic properties of subwavelength grating structures such as those of interest in this paper. The first uses the effective medium theory [8] to provide closed-form approximations for the effective relative permittivities as functions of the grating structure. Although attractive from a computational perspective, the approximate expressions are accurate only for gratings whose period is much smaller than the wavelength of illumination. As the grating period approaches the wavelength, which is referred to as the resonance regime, the assumptions on which these closed-form expressions are based are no longer valid. For our designs, we assumed grating periods only slightly smaller than the material wavelength and thus could not accurately utilize the effective media theory.
We employed a second approach, which utilizes a rigorous electromagnetic model. Although computationally more difficult, this approach is capable of generating accurate results for gratings of any period size and shape. Several rigorous electromagnetic models can be used for this calculation. We chose the rigorous coupled wave analysis (RCWA) algorithm originally presented by Moharam and Gaylord [9, 10] . Our specific implementation, is based on the enhanced transmittance matrix approach introduced by Moharam et al. [11] and later refined by Lalanne [12] and Noponen and Turunen [13] .
In the RCWA method the grating structure was divided into distinct layers consisting of an: (1) incidence region which was assumed to be an infinite half-spaced filled with a lossless dielectric of index n inc , (2) exit region which was assumed to be another infinite half-spaced filled with a lossless dielectric of index n exit , and (3) a layered grating region which contained multiple layers of dielectric slabs with subwavelength circular holes. Within each layer, denoted by the superscript p, the electromagnetic fields are written as a Fourier expansion of spatial harmonics given by for the magnetic and electric fields respectively. Within the homogenous incidence and exit regions the spatial harmonics' amplitudes are simply the standard reflection and transmission coefficients of the various diffracted orders. However, within the more complicated grating layers a more complicated Fourier decomposition method is used to describe the spatial harmonic fields. After the electromagnetic fields are described, in terms of their spatial harmonic amplitudes, and boundary conditions are enforced a system of linear equations results that can then be solved for the desired reflection and transmission properties of the filters. For a more detailed description of the numerical implementation of RCWA the reader is referred to Refs. 9-13. Our custom RCWA code, developed using the Matlab TM programming environment, was used to calculate the complex transmission and reflection coefficients from multi-level two-dimensional subwavelength gratings filters. A narrow-band photonic crystal filter was modeled using dielectric stacks of SiO 2 and Si 3 N 4 on a fused silica substrate. The refractive indices for the materials used were 1.4572, 2.0011, and 1.45804, respectively, and dispersion effects were ignored. Filter structures consisted of the pattern (HL) 6 L(HL) 6 LS, with H corresponding to silicon nitride, L corresponding to silicon oxide, and S being the silica substrate. The hole lattice pattern was that of a square lattice with equal spacing in the x and y directions. Fill factor, as discussed here, refers to the fractional area of an air hole within a unit cell.
The number of diffraction orders used in the RCWA numerical calculations was one beyond the zeroth order. Comparisons between higher and lower order approximations for the transmission peaks showed small differences. For example, a filter with periodicity a = 228 nm, hole radius r = 91 nm, and dielectric thicknesses of t H = 86 nm and t L = 118 nm for Si 3 N 4 and SiO 2 , has a transmission peak at λ = 560 nm for the first-order approximation and λ = 557.7 nm for the fourth-order approximation. Differences between the low-order calculation and the high-order calculation were observed for short wavelengths outside the band gap.
Since these changes did not affect the fundamental region of interest, the lower order approximations were used.
RECONFIGURABLE NARROWBAND FILTER

Optimization of the hole size
A narrowband photonic crystal filter was designed for the case study of measuring eye oxygenation through six optical bands. Maximization of the air holes is necessary for the optical filter because of the experimental difficulties in the fabrication of small features. For a multi-band filter, this optimization must consider the range of wavelengths chosen as well as the maximum attainable fill factor, defined as the ratio of radius to period. The latter variable determines the dielectric layer thicknesses, from which a family of solutions is obtained. Depending on what the range is, only one specific hole periodicity will maximize the size of the air holes.
Fill factor and wavelength placement
The largest fill factor determines the total area of dielectric replaced by air and consequently puts a lower limit on the peak transmission wavelength. After identifying the maximum fill factor, there are two efficient choices on how to pick the hole sizes. The first method would be to set the longest wavelength on the unmodified stack with no air holes and the shorter wavelengths on increasingly larger holes. The second case would align the shortest wavelength with the largest possible hole size and move backwards with longer wavelengths on increasingly smaller holes.
Depending on the array of wavelengths to be filtered, one of the above options will be preferable to the other. When there is a large gap between the longest and second longest wavelengths, the first method is ideal since the second longest wavelength (and longer wavelengths) will be described by large hole sizes. Conversely, when the two longest wavelengths have a small spacing, the second method will maximize the hole radii.
For measuring the blood oxygenation of a human eye, a typical wavelength set consists of the following values in nm: 560, 576, 600, 630, 650, 660. Since the longest two wavelengths are close together, the best hole placement is prescribed by the second method. Aligning the shortest wavelength with the largest fill factor will set the initial dielectric layer thicknesses. This is because in the effective index approximation, the largest fill factor stack corresponds to a certain quarter-wave optical thickness. If this is matched to the shortest wavelength, then the nominal thicknesses of the multilayer stack are determined.
Hole periodicity
After the fill factor and wavelength placement method have been determined, the hole lattice periodicity needs to be optimized. The same fill factor can be achieved by using any periodicity value, so long as the holes within each unit cell have the same fractional area. Because the photonic crystal filter operates in the quasi sub-wavelength regime (hole diameters ~100-200 nm), the absolute magnitude of the hole sizes do matter. Thus for example, a filter with a specific fill factor cannot simply use micron sized holes and work properly for optical frequencies. Diffraction effects will take over and alter the transmission spectra. Alternatively, decreasing the hole sizes and spacing them closer together will minimize the diffraction problem, but will be done so at the expense of making the holes smaller with the associated fabrication difficulties. There exists for each filter design a specific periodicity value that maximizes the diameter of the smallest hole while keeping the filter performance robust. Figure 2 shows a graph of the hole radius corresponding to the longest wavelength (660 nm) versus the periodicity in the eye oximetry filter. For this filter, the maximum fill factor was r = 0.4a. From the data, it is evident that when the periodicity is too large or too small the hole size for λ = 660 nm is not optimized. When the periodicity is chosen to be 282 nm, however, the competing influences of diffraction and effective index theory are optimally compensated and the hole size is maximized at r = 45.18 nm. A matching plot of the shortest wavelength (λ = 560 nm) hole radius versus the periodicity is shown in Fig. 3 . As expected, the hole size increases monotonically with increasing periodicity since the shortest wavelength hole is always matched to the largest fill factor. 
Transmission plots
A plot of the transmission efficiency versus the wavelength and hole size for the optimum eye oximetry filter is visualized in Fig. 4 . As the figure demonstrates, an increase in the hole size results in a monotonic shift in the transmission peak downward in wavelength. For this optimum design, the peak intercepts the 660 nm line farthest to the right compared to filters with a different periodicity value. To get the remaining hole sizes corresponding to the four remaining wavelengths, one need only find at which radii the peak intercepts the corresponding wavelength values. For this filter, the relevant parameters are indicated in Table 1 . A comparative plot of the transmission curves versus wavelength at r=45.2 nm and r=113 nm is shown in Fig. 5 . The two curves show the general characteristics of an ordinary multilayer stack with a spacer defect-that is, a high finesse transmission peak centrally inside of a wide stop band gap. For this particular design, the transmission efficiency was constant for all hole sizes at 0.66. As the radius is increased, as evidenced from the table data as well as the plots, the peak width increases and the band gap decreases. Adding more layer pairs to the multilayer stack will increase the finesse of the peaks and will narrow the band gap.
EXPERIMENTAL TOLERANCES
Additional considerations must be taken into account for these theoretical models to conform within the limitations of fabrication equipment. Because the dimensions of the dielectric layers are so small, minor fluctuations and non-idealities can alter filter performance. For example, Fig. 4 illustrates how transmission characteristics can change significantly by a fluctuation in the hole radius of just a few nanometers. Table 2 summarizes the results of dielectric layer thickness and material refractive index fluctuations for the filter represented by the λ=560 nm hole of the previous design. Both fluctuations were taken as random summation terms added to the nominal value of each dielectric layer. It is evident from the data that the farther the parameters drift from ideal conditions, the larger the deviation in the peak transmission. Even a small 5% swing in (a) (b) Fig. 5 . Graphs of the transmission versus wavelength for the 660 nm band using r = 45.2 nm (a) and the 560 nm band using 113 nm (b). In general, as the radius is increased, the FWHM increases, the band gap decreases, and the band suppression is reduced.
Thickness and index variations
thicknesses per layer can lead to a 10.7-nm shift in the peak for the extreme case. Fortunately, modern chemical vapor deposition (CVD) equipment can monitor growth conditions and, depending on the materials, can be precise in both indices and thicknesses. For example thin layers of aluminum oxide have been shown to exhibit variations as low as 2.3% in thickness and 1.9% in index [15] . Still, for optical filters that utilize thin layers under 100 nm in thickness, these effects can be appreciable and must be accounted for. Table 2 . Fabrication fluctuations of dielectric thickness and refractive index on peak transmission location. The nominal location is 560 nm for this filter peak and 100 test filters were generated for each condition.
∆t +/-up to 2% ∆t +/-up to 5%
∆n +/-up to 1% 
Hole taper
While thickness and index fluctuations have a minor impact on the filter transmission, hole taper can produce a significant deviation from expected behavior. Due to the inherent physics of the etching chemistry, holes may or may not be the same size throughout the vertical axis of the filter. In general, it is possible to have a hole taper with smaller holes at increased depths. Even for small tapers, this leads to noticeable effects. Table 3 lists the position of the transmission peak of the 560 nm optical filter modeled previously versus angle of hole taper. The response of the filter to the slightest of taper angles is quite large due to the fact that the stacks are so thick compared to the initial hole sizes. For example, the 560-nm filter has a hole size of 226 nm versus a depth of 2.64 µm, or an aspect ratio of about 12. Thus in order to achieve the desired response, either perfectly vertical sidewalls must be etched, or a compensation mechanism must be developed. Table 3 . Effect of angle of hole taper on position of transmission peak for the nominal 560 nm optical filter described earlier.
θ = 1° θ = 0.5° θ = 0.25° θ = 0.125° Transmission peak 598 nm 581 nm 570 nm 564.5 nm
It has been previously reported that modulating the dielectric layers to be thicker at the top of the stack and thinner on the bottom is an efficient strategy for managing the affects of hole taper [16] . This method works because the optical thickness of a layer is the product of its physical thickness and its effective refractive index. For a tapered hole at high depths, the layer has more dielectric than it should have had the hole been etched correctly. Thus its effective index is greater than it should be and consequently its physical thickness can be made thinner to compensate for the index increase. Therefore, while the uncompensated hole taper can have a deleterious effect on the filter performance, a compensated device can pragmatically correct this error.
CONCLUSION
A photonic crystal filter was modeled as a monolithic, six-band optical filter for measuring narrow spectral bands in the optical regime. The general prescription for optimizing the multiband device by identifying the physical parameters that create the maximum feature sizes has also been outlined. Additional designs that utilize the same filter structure may seek alternate combinations of materials that have different refractive indices. For instance, wider band gaps can be achieved with higher contrast dielectrics. In general, the photonic crystal is a flexible model that can support broad-band transmission (fewer layers) as well narrow-band transmission (many layers). The photonic crystal filters potentially provide the ability to implement a color mosaic (similar to a standard RGB Bayer filter) with the detector array. This can lead to compact and flexible optical instruments capable of acquiring object information in several non-contiguous spectral bands. Furthermore, the same principles used to model the eye oximetry optical filter can be used to make a multi-band IR filter-the device simply needs to be scaled to larger dimensions. 
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